In this paper, a magnetic shield design is proposed for a matched and mismatched coil based high-power wireless charging system (WCS). The high-power WCS are highly prone to exceed the safety limits of both the electric and magnetic field leakage. The leakage magnetic field from the mismatched pads are higher than the matched pads. In a mismatched system, the receiver is usually made much smaller than the transmitter, which requires higher amp-turns in the coils to transfer the same amount of power. In addition, coupling factor is lower in mismatched systems. Therefore, the electromagnetic field (EMF) emission is higher for a mismatched system, compared to matched system where both the transmitter and receiver are similar and large. This phenomenon applies for both the nonpolarized-circular and DD pads. In this paper, the leakage magnetic field is compared for the matched-DD and mismatched-DD coil-based WCS. The leakage field is evaluated through finite element analysis (FEA) and verified experimentally through an 11 kW mismatched DD system. The results show that, the leakage magnetic field is much higher for a mismatched WCS, compared to a matched WCS.
I. INTRODUCTION
Significant growth of electric vehicles (EVs) and autonomous driving technology have made the WCS a highly promising charging system [1] . The WCS technology for EV charging has passed through a significant development for the last three decades through vigorous research in academia and industry. The WCS systems have already been demonstrated with high-efficiency for different high-power vehicular applications [1] . Together with the high efficiency, a WCS also needs to satisfy the safety requirements under all possible operating conditions in EV applications. The EMF emissions is one of the few major safety concerns for implementing the high-power WCS for EV charging. Therefore, the characteristics of the EMF emissions need to be investigated thoroughly to assess the safety risk, and proper shields need to be designed to suppress the EMF emissions considering the worst-case operating condition.
In a high-power EV-WCS, there is typically one transmitter pad placed on the floor and one receiver pad mounted under the undercarriage of the vehicle. Fig. 1 (a) shows a typical wireless charging system using double-D charging pad, and Fig. 1 (b) shows the common position and orientation of a DD-transmitter installed on a parking spot [2] . The airgap between the transmitter and receiver may range from 50mm to 300mm, depending on type and size of the vehicle. Hence, the power transfer requires to propagate a significantly strong electric and magnetic field over a large airgap, the system is highly susceptible for electromagnetic emissions inside and around the vehicle. This EMF emission must be kept below the safety limit. There are different safety limits on electromagnetic field emissions in different part of the world, while the ICNIRP 2010 limit of 27 μTrms for magnetic field at public-exposure is mostly adopted for EV-WCS [3] . Different shielding techniques have been proposed to suppress the EMF emission from the high-power EV-WCS [4] - [8] . The Society of Automotive Engineers (SAE) has recommended a highly effective conductive shielding technique for nonpolarized (unipolar) (circular, rectangular, etc.) charging pads, for up to 20 kW output power, which can be further scaled up for higher power WCS [2] . However, to the best of authors' knowledge, the shielding technique for highpower DD-coil based WCS has not been studied much.
The DD-WCS has much different magnetic field pattern than the circular or rectangular pad WCS. Therefore, the traditional eddy current based aluminum shield cannot suppress its leakage magnetic field. In this paper, the pattern of leakage magnetic field from the DD-WCS is analyzed and presented. Then, a comparative analysis is given for leakage magnetic field from a matched and a mismatched DD coil based WCS.
II. COMPARISON OF EMF EMISSION FOR MATCHED AND MISMATCHED DD-PADS
In a WCS, similar-sized transmitter and receiver pads are commonly known as matched pads, and different-sized pads are known as mismatched pads. Larger pads provide higher range and better misalignment tolerance. Therefore, a matched system with large transmitter and receiver gives higher coupling coefficient and mutual inductance, compared to the mismatched system with smaller receiver.
The transmitter pad can be made larger, as it is usually put on or underneath the floor of the parking areas. However, the receiver is mounted with the undercarriage of the vehicle, where it has strict space and weight constraints. Therefore, the smaller and lighter receiver pads are preferred, which is one of the main motivations to develop the mismatched pads. The comparative view of a matched and mismatched DD coil based WCS is shown in Fig. 2 As the receiver gets smaller, the coupling coefficient between the transmitter and receiver reduces. The coupling coefficient between the transmitter and receiver pad can be expressed as
where Ltx and Lrx are the self-inductance of the transmitter and the receiver, and M is the mutual inductance between them. This reduction has a significant effect on the total amp-turns required in the primary and secondary coils to transmit a certain amount of power. The transferred output power from the transmitter to the receiver coil can be given as [9] * * 2 ω π = = tx rx tx rx tx rx
where and are the average per-turn-inductance of the transmitter and receiver coil, which depend on the coil size. As the receiver size reduces, both and k becomes smaller. To compensate these two parameters, NtxNrxItxIrx needs to be increased, if the frequency of operation is kept the same. Therefore, effectively the amp-turns in the primary and secondary coil needs to be increased. Increasing the amp-turns will subsequently increase the magnetic field leakage.
For the comparative analysis in the next sections, the parameters of the mismatched and matched systems are indicated by subscripts 'MM' and 'M', respectively.
A. Effect of Reduced Size of Mismatched Receiver
To conclusively compare the leakage magnetic field from the matched and mismatched DD-pads, following assumptions are made for this study:
1. The transmitter of both the matched and mismatched WCS are kept the same. Therefore, their size, surface area, and self-inductance are also the same, which can be given as:
where, , , and indicate the thickness, surface area, and self-inductance of the respective pad.
2. The receiver pad of the mismatched pad is smaller than the transmitter pad. However, the inductance of both the transmitter and receiver pad are the same. To make such pads, the receiver pad of the mismatched system becomes thicker than the transmitter pad to accommodate the similar amount of copper and core in less area. These relations can be given as:
As the receiver of the mismatched pad is smaller than the transmitter, the inductance-per-turn is smaller for the mismatched receiver, compared to all other pads. However, as the total inductance of all the pads is assumed same for the comparative study, as the following can be written:
The smaller receiver of the mismatched system requires higher number of turns to achieve the same amount of self-inductance.
If the inductance per turns of the transmitter coil is and the inductance per turns for the smaller receiver is , then, to achieve the same total inductance, the relation between their number of turns can be derived as
The equation shows that the number of turns of the smaller receiver in mismatched system is higher than all other pads. This higher number of turns contributes to generate a comparatively higher leakage flux for the mismatched system.
B. Effect of Reduced Coupling Coefficient
The coupling coefficient of the mismatched system is usually lower than the matched system, which can be expressed as < = < 1 (9) where the ratio of the coupling coefficients is . the inductance of all the four pads might not be the same due to the practical constraints. To compensate such difference, the ratio needs to be modified as given below:
To transfer the same power as given in (3), the reduced coupling coefficient of the mismatched system needs to be compensated by higher current through the coils, which can be given in terms of the matched system as =
(11)
The equation shows that the geometric mean of the currents in the transmitter and receiver coil are higher for a mismatched system compared to a large matched system. These higher currents generate comparatively higher leakage flux density in a mismatched system.
C. Close Loop Circuit Analysis
For the circuit analysis, the series-series compensated resonant tank is chosen for both the systems. Therefore, the eqvuivalent circuit of both the mismatched and matched system are similar, as shown in Fig. 3 , with only difference in the value of , , and . The main motivation for the circuit analysis was to verify the analytically designed currents through the primary and secondary coil for both the systems. To begin with the circuit analysis, first a matched and a mismatched system are designed through the analytical study and FEA analysis for basic magnetic parameters. The key parameters of both the systems are given in Table I . The inductance of the receiver of the mismatched system is slightly lower than the other three pads. The close-loop output voltage regulated circuit analysis was performed in MATLAB/Simulink. The currents in the transmitter and receiver coils for the matched and mismatched systems are shown in Fig. 4 (a) and (b). The results verify that the geometric mean of the transmitter and receiver coil currents has been increased in the mismatched system compared to the matched system. It also shows that the current gains of the matched and mismatched system are different due to their different coupling coefficient and mutual inductance.
Using the relationship in (10) and the coupling and inductance from Table I , the value of is calculated as 0.64. Also, using the ratio in (11) and the currents of the circuit analysis from Fig. 4 , the value found as =0.64. The key findings from the circuit analysis is summarized in Table II . The number of turns from the design and the currents from the circuit analysis are used in the following sections for FEA analysis to evaluate the magnetic field leakage. 
D. Comparison of Leakage Magnetic Field
The leakage magnetic field in the mismatched system is affected by several factors. Few of these factors can be analytically expressed, while others depend on the complex geometry of the system and only can be found from the FEA analysis. The effects of the main factors are summarized below. 1. Amp-turns in the coils:
The total leakage flux at the observation point is vector and phasor sum of the leakage flux from the transmitter and receiver pad, given as = . The magnitude and the phase of the flux density is proportional to the total amp turns of the coils, which can be given as
where and indicate the leakage flux at the observation points and the amp-turns in the coils. The currents in the transmitter and receiver pad are 90 degree phase shifted at the resonant frequency. Therefore, the magnitude of the leakage flux density can be given as,
Therefore, the leakage flux density increased due to higher amp-turns in the mismatched system can be compared with the matched system by the following ratio:
where indicates the increase in leakage flux density due to the increased amp-turns in the coils of the mismatched system. The ratio can be calculated using the design parameters and circuit analysis results given in Table II . For this system, the ratio of is found as 1.4.
Exposure to the aluminum shield and vehicle undercarriage:
The aluminum shield is found to increase the leakage magnetic field from the DD pads. The detailed FEA analysis and the experimental results of this increase in leakage magnetic field due to aluminum shield for DD pads are presented in [10] .
In a mismatched WCS, the transmitter is much larger than the receiver, hence, a larger portion of the flux from the transmitter interacts with the vehicle mimicking large (1.1m×1.1m×0.7mm) aluminum shield put over the receiver pad. Therefore, the mismatched system gets more affected by the aluminum shield and the vehicle undercarriage compared to a matched system. However, this phenomenon is complex to analytically present and it needs to be investigated through FEA and experimental tests.
III. FEA RESULTS
To investigate and compare the leakage magnetic field characteristics of mismatched and matched DD-WCS, two 11 kW wireless charging systems are designed. The 3D FEA models of the mismatched and matched DD WCS in ANSYS MAXWELL are shown in Fig. 5 (a) and (b) , respectively. The details of the system parameters are given in Table I . To compare the magnetic flux leakage more quantitively, two observation points are selected. One is 800mm away from the center of the receiver along the X-direction, Px=0.8m, and .
Smaller receiver
Transmitter along the Y-direction, Py=0.8m. From the FEA analysis, the three cartesian vector components of the leakage flux density at both observation points of the mismatched system are shown in Fig.  6 . The , , and are the x, y, and z components of the leakage magnetic field along the X-direction at . and , , and are the x, y and z component of the leakage magnetic field along the Y-direction at .
. The magnitudes of the vector components are normalized with respect to the largest component . The figure shows that the x-components of the leakage magnetic field is significantly dominant for the DD pads, and other two components are exceedingly small. Hence, those two components can be ignored for the leakage magnetic field from the DD pads. Due to the dominant components, the traditional aluminum shields are not effective to suppress the magnetic field from the DD pads. The conductive aluminum shield functions based on induced eddy current, hence those are effective for , which falls perpendicularly on the aluminum shield plate. On the other hand, the high permeability ferrite based magnetic shield is more effective for the horizontally aligned field components and [10] .
A. Leakge Magnetic Flux Distribution
The 3D FEA model in simulated through 'Eddy Analysis' in ANSYS Maxwell, which considers the effect of both the conductive aluminum shield and ferrite based magnetic shield. To mimic the vehicle body, the SAE recommended large 1.1m×1.1m aluminum plate is used above the receiver [8] . The FEA results of the magnetic field distribution on the ZY-and ZX-plane are shown for mismatched and matched receiver pad in Fig. 7 (a) and (b) , respectively.
The flux leakage in the mismatched system at the same power level is much higher than the matched system. The leakage flux density is compared in the Table III. The results show that, the flux density in the matched coil is approximately one half of the mismatched coil. It also shows that the flux density for either case is twice at the observation point Px=0.8m compared to the same at the observation point Py=0.8m. Based on the field distribution illustrated in Fig. 4 ., a generalized magnetic shield design is also evaluated for both the matched and matched DD coil based WCS. The magnetic shield design is shown in experimental setup in Section IV.
IV. EXPERIMENTAL RESULTS
The magnetic field emission characteristics for the mismatched coil has been experimentally evaluated. The experimental setup of the 11 kW mismatched DD coil based WCS is shown in Fig. 8 . The parameters of the experimental system are given in Table IV The magnetic field leakage is measured using the isotropic electromagnetic field analyzer, NARDA EHP-200A. Following the SAE recommendation, the magnetic field was measured at 800 mm away from the center of the receiver, both along the Xand Y-axis [2] . The spectrum of leakage magnetic field vectors is shown in Fig. 9 (a) ). These findings also verify the FEA results of leakage magnetic fields presented in Table III The comparison of the experimental and FEA simulation results of the leakage magnetic field for the mismatched WCS is given in Table V . he FEA results shows high accuracy with the experimental results. It also verifies the detailed FEA based comparison of the leakage magnetic field between mismatched and matched systems presented in Section III.
Both the FEA and experimental results shows that the leakage magnetic flux density from mismatched WCS is much higher than the comparative matched WCS. Hence, the mismatched system needs a more effective shield to suppress the leakage magnetic field. 
V. CONCLUSION
In this paper, the EMF emission characteristics are compared between a mismatched and matched DD-coil based 11 kW wireless charging system. The analytical findings and FEA results show that the leakage magnetic field is much higher for the mismatched WCS compared to a similar matched WCS. The 3D FEA simulation is conducted in ANSYS Maxwell to evaluate the magnetic field leakage for an 11-kW DD pad based matched and mismatched WCS, where the receiver is approximately half the size of the transmitter. The FEA results of these systems show that the leakage is approximately twice for the mismatched system than the matched system. The experimental results for the mismatched 11-kW DD-WCS matches well with the FEA results. It also conforms with the FEA findings that the leakage field in the xdirection (along the vehicle) is much higher than the y-direction (side of the vehicle). As the receiver pad is made smaller for the mismatched system, the coupling coefficient is reduced and the leakage magnetic field increases around the vehicle. Hence, the high-power mismatched WCS needs higher effective shield compared to a similar matched WCS. 
